We have studied the effects of hypoxia on the membrane properties of striatal neurons intracellularly recorded from a corticostriatal slice preparation. Brief
(2-10 min) periods of hypoxia produced reversible mem brane depolarizations. Longer periods of hypoxia (12-20 min) produced irreversible membrane depolarizations. In voltage-clamp experiments, hypoxia caused an inward current coupled with an increased membrane conduc tance. Tetrodotoxin or low calcium (Ca 2 +)-high magne sium-containing solutions blocked synaptic transmission, but they did not reduce the hypoxia-induced electrical changes. Antagonists of excitatory amino acid (EAA) re-It is generally thought that neuronal death caused by a reduction in O 2 or glucose supply, or both, occurs as a result of massive increase in the extra cellular concentrations of excitatory amino acid (EAA) transmitters, particularly glutamate (Roth man and Olney, 1986; Choi, 1990; Choi and Roth man, 1990) . Certain brain regions and specific neu ronal cell types are vulnerable to short periods of ischemia (Brierly, 1976) . Ischemia causes selective neuronal damage in CA 1 pyramidal cells in the hip pocampus and in the spiny neurons of the striatum (Pulsinelli et aI. , 1982; Ginsberg et aI., 1985) . Glu tamate release is increased during hypoxia in vitro (Penning et aI., 1993) and in vivo during ischemia (Benveniste et aI. , 1984; Globus et aI. , 1988) .
Although several studies suggested that antago nists of both N-methyl-D-aspartate (NMDA) and ceptors failed to affect the electrical effects caused by oxygen (0 2 ) deprivation. In low sodium (Na +) containing solutions the hypoxia-induced inward current was largely reduced. Blockade of ATP-dependent Na +potassium (K + ) pump by ouabain enhanced hypoxia induced membrane depolarizations and/or inward cur rents. Our findings indicate that, at least for in vitro ex periments, the release of EAAs is not required for the acute hypoxia-induced electrical changes in striatal neu rons. Key Words: Excitatory amino acids-Hypoxia lschemia-Sodium-potassium A TP-dependent pump -Striatum-Synaptic transmission.
non-NMDA glutamate receptors reduce hypoxia! ischemia-induced neuronal damage (Goldberg et aI. , 1988; Marcoux et aI. , 1988; Sheardown et aI., 1990; Demerle-Pallardy et aI. , 1991) , specific gluta matergic antagonists have not been consistently protective in models of transient global ischemia (Block and Pulsinelli, 1987; Wielock et aI., 1988; Albers et aI., 1989; Buchan and Pulsinelli, 1990) . Globus and co-workers (1991) have evaluated, by means of microdialysis, glutamate release in differ ent brain areas. They found that ischemia caused a uniform increase in extracellular glutamate levels in all the brain structures analyzed (dorsal hippocam pus, anterior thalamus, somatosensory cortex, and dorsolateral striatum). However, ischemia induced a differential histopathologic outcome in these brain regions. In fact, the CAl region of the hippocampus and the dorsal striatum were severely damaged by short periods of ischemia (10 and 20 min, respec tively), whereas the thalamus and the cortex were relatively spared from both 10 and 20 min of isch emia. This evidence supports the idea that the dif ferential vulnerability of neuronal subtypes to hyp oxia/ischemia insults is not directly related to glu tamate release.
In the present study we have used a corticostri-atal slice preparation to characterize the electrical changes induced by hypoxia on striatal neurons and to investigate the possible contribution of EAAs in these effects.
MATERIALS AND METHODS
Male Wistar rats (150-250 g) were used. The preparation and maintenance of coronal slices have been described previously (Calabresi et aI. , 1991; . A single slice was transferred to a re cord!ng chamber and submerged in a continuously flowmg Krebs solution (36°C, 2-3 ml/min) gassed wit . h 9:% O 2 -5% CO 2 , Hypoxia was obtained by sWltchmg the perfusion from 0 2 -gassed solution to a Krebs solution (same composition) gassed with a mixture of 95% N 2 -5% CO 2 , Complete replacement of the medium in the chamber took 90 s. The com position of the solution was (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCI 2 , 1. 2 NaH 2 P04, 2. 4 CaCl 2 , 11 glu cose, 25 NaHC03. In some experiments, to block excitatory synaptic transmission, the normal me dium was replaced by a solution containing either TTX or 2-amino-5-phosphonovalerate (APV) plus 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), EAA receptor antagonists. In other experiments, the synaptic transmission was blocked by lowering external Ca 2 + concentration. The low Ca 2 + solu tion contained 0.5 mM CaCl 2 and 10 mM MgCI 2 . In an attempt to evaluate the effect of lowering exter nal Na + concentration on hypoxia-induced re sponses, in some experiments, choline chloride was used to replace Na + in low Na + -containing (25% of control) solutions. These different solutions were bath-applied, by switching the perfusion from saline to drug-containing solutions, between 5 and 10 min before the beginning of the experiment. In the ex periments in which ouabain was used to block the ATP-dependent Na + -, K + -pump, slices were incu bated for at least 10 min before recordings were started. Intracellular recording electrodes were filled either with 2 M KCI or with 2 M K-acetate. Values given in the test are mean ± SD of changes in the respective cell populations. Student's t test (for paired and unpaired observations) was used to compare the means. The p values reported here in dicate significant interactions between groups (level of significance set at p < 0.05).
RESULTS
In the present study, data obtained from 105 in tracellularly recorded striatal neurons were in cluded. The membrane properties of these neurons have previously been described in vitro (Calabresi et aI. , 1991) . These properties resemble those re-J Cereb Blood Flow Metab, Vol. 15, No.6, 1995 ported for intracellularly stained medium spiny neu rons (Preston et aI. , 1979) . The membrane potential of the recorded cells was -81 ± 8 millivolts (m V). Input resistance was 38 ± I3 megaohm. All the re corded cells were silent at rest and showed mem brane rectification and tonic firing activity during depolarizing current pulses.
As shown in hypoxia caused membrane Figs. 1 and 2 depolarization in striatal cells. The amplitude of the hypoxia-induced membrane depolarization was dependent on the time of O 2 deprivation ( Fig. 1 � nd . Table I ). Hypoxia-induced membrane depolar IzatIOn started 30-60 s after the interruption of the 0 2 -containing solution and increased progressively during all the period of O 2 deprivation. When the slice was exposed to hypoxia for relatively short periods (2-10 min) in most of the cells (55 of 63) this membrane depolarization was fully reversible. In the remaining eight cells we observed a partial re covery of the membrane potential (after 8-10 min of hy � oxia). In contrast, after 12-16 min of O 2 depri vatIon, we observed irreversible changes in the ma jority of the tested cells (15 of 20), whereas after 18-20 mjn all the tested cells (16 of 16) were irre versibly depolarized. After the induction of "irre versible" membrane depolarization by 01 depriva tion, the slice was not used for further experiments.
In voltage-clamp recordings, O 2 deprivation caused an inward current. As shown in Fig. 3a , this inward current was coupled with an increase of � embrane conductance as detected by the applica tIOn of constant hyperpolarizing voltage steps (1-3-s duration, 5-15 mV amplitude).
Hypoxia causes membrane depolarization in striatal neurons intracellularly re ? orded in vitro. The upper row (a, b, c) shows the effects of brief periods (2, 4, and 6 min, respec tively) of O 2 deprivation (dark bar) in a striatal neuron. Note that hypoxia produced reversible and time-dependent mem brane depolarizations. The middle row (d) shows that in the same cell a longer exposition to hypoxia (10 min) produced a larger, but reverSible membrane depolarization. The lower row (e) shows that when the period of O 2 deprivation ex ceeded 14 min, the membrane depolarization was irrevers Ible. In this experiment and in the following ones, between each period of exposition to hypoxia there was an interval of at least 10 min. The resting membrane potential of the cell (dashed line) was -85 mY. In the presence of 1 f.1M TTX, action potential discharge and corticostriatal synaptic transmission were fully abolished. However, TTX did not affect either the membrane depolarization (n = 5, p > 0.05; Fig. 2A ) or the inward current (n = 4, p > 0.05; data not shown) induced by O 2 deprivation. We also tested the effect of hypoxia in a medium containing low Ca 2 + (0. 5 mM) plus high magnesium (10 mM). This experimental procedure blocks Ca 2 + -dependent synaptic transmission (Miles and Wong, 1983) . Also, in this condition both hypoxia- The hypoxia-induced membrane depolarization is not dependent on excitatory synaptic transmission. A: In a stri atal neuron, hypoxia induced a resting membrane potential (RMP) (a); the incubation of the slice in 1 mM tetrodotoxin (TTX) did not alter the hypoxia-induced membrane depolar ization (b). RMP = -85 mY. B: In another striatal cell, the O 2 deprivation caused membrane depolarization (a1); after the incubation of the slice in a medium containing low Ca 2 + high magnesium (see Materials and Methods) the hypoxia induced membrane depolarization was even increased. RMP = -84 mY. C: In a third striatal cell, the hypoxia-induced membrane depolarization was characterized before (a2) and during (b2) the bath application of a medium containing an tagonists of both non-N-methyl-D-aspartate (NMDA) [10 mM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)] and NMDA [50 mM 2-amino-5-phosphonovalerate (APV)] glutamate recep tors. Note that these glutamate receptor antagonists did not influence the hypoxia-induced membrane depolarization. RMP = -86 mY. Ouabain increases inward currents produced by hyp oxia. In this striatal neuron the effect of hypoxia was studied in a voltage-clamp experiment under control condition (a) and in the presence of 3 mM ouabain (b). This inhibitor of the Na " K' -pump increased the amplitude of the hypoxia induced inward current and prolonged its duration. Note that this concentration of ouabain did not alter by itself the mem brane conductance (measured by -10 mV voltage steps) of the ceil, but it augmented the increase in conductance pro duced by hypoxia.
induced membrane depolarization and inward cur rents caused by O2 deprivation were not decreased.
In contrast, as shown in Fig. 3B , a slight but signif icant increase of the amplitude of responses to hyp oxia was observed (+ 16% ± 5%, n = 6; p < 0.05). We investigated whether the coadministration of NMDA and non-NMDA glutamate receptor antag onists, APV and CNQX, respectively, could reduce hypoxia-induced effects. As shown in Fig. 2C , ap plication of 10 f.1M CNQX plus 50 f.1M APV did not affect the amplitude of the membrane depolariza tion caused by O2 deprivation (n = 6, P > 0.05). These glutamate receptor antagonists also failed to affect hypoxia-induced inward current (n = 4, P > 0.05; data not shown). However, as previously shown (Calabresi et aI. , 1991 (Calabresi et aI. , , 1992 , antagonists of EAA receptors fully blocked excitory postsynaptic potentials evoked by corticostriatal stimulation (n = 7, data not shown). To test the possible involvement of a TTX resistant N a + influx in the membrane depolariza tion/inward current observed in striatal neurons, we studied the effect of hypoxia in low Na + -containing solutions (25% of control values: see Materials and Methods). Inward currents caused by hypoxia were reversibly reduced in low Na + -containing solutions (data not shown). The reduction of the effects of hypoxia in low Na + -containing solutions was sig nificant both in current-clamp experiments (n = 5, -65% ± 17, p < 0.005) and in voltage-clamp ex periments (n = 6, -68% ± 19, p < 0.005).
Bath application of 3 f.1M ouabain increased the amplitude of hypoxia-induced membrane depolar izations ( -98% ± 21, n = 6; p < 0.00 1) and of the inward current caused by O 2 deprivation ( -85% ± 20, n = 5; p < 0.00l). As shown in Fig. 3, ouabain not only increased the amplitude of the hypoxia induced membrane effects, but it also prolonged the duration of the hypoxia-related effects.
DISCUSSION
The pathogenesis of hypoxic neuronal injury was first linked to excitatory synaptic transmission by Kass amd Lipton (1982) and Rothman (1983) . These authors have shown that elevating extracellular magnesium reduced the vulnerability of hippocam pal neurons in vitro to O 2 deprivation. A dominant role of EAAs was further suggested by studies showing that glutamate antagonists reduce hypoxic! ischemic insults both in vitro (Rothman, 1984) and in vivo (Simon et at. , 1984a (Simon et at. , , 1984b . The hypothesis of a main pathophysiological role of EAAs in the electrical changes observed during acute hypoxia has not been supported by recent electrophysiolog ical studies performed both in vitro (Jiang and Had dad, 1992; Haddad and Jiang, 1993a) and in vivo (Lauritzen and Hansen, 1992) . In these studies, glu tamate receptor antagonists did not change the hyp oxia-induced depolarization. In accordance with these studies, our findings show that also in striatal neurons blockade of excitatory synaptic transmis sion by antagonists of NMDA and non-NMDA re ceptors does not influence the acute electrical changes caused by hypoxia. Furthermore, we have shown that blockade of synaptic transmission either by TTX or by low Ca 2 + -high magnesium-containing solutions fails to prevent the membrane depolariza tion/inward current activated by O 2 deprivation. The slight but significant increase of the depolariza tion caused by O 2 deprivation measured in striatal neurons in the presence of low Ca 2 + -high magne sium-containing solutions was a surprising finding in our study. This observation might be explained by considering that intracellular Ca 2 + is required for the regulation of several second-messenger pathways (Siesjo, 1988; Haddad and Jiang, 1993b; Hara et al., 1993 ) whose alteration might further enhance the hypoxic damage. It has been shown that the electrical activity of striatal neurons as well as other neuronal subtypes is regulated, at least in part, by a Ca 2 + -dependent K + conductance (Galar raga et at., 1989). Thus, it is possible that reduced activity of Ca 2 + -dependent K + channels plays a role in the increase of hypoxia-induced membrane depolarization observed in low Ca 2 + -containing so lutions.
The lowering of Na + concentration in the exter nal medium largely reduced the effects of O 2 depri vation. This finding demonstrates that TTX insensitive Na + influx plays a role in the generation of the hypoxia-induced electrical changes of striatal J Cereb Blood Flow Me/ab, Vol. 15, No.6, 1995 neurons. This result, however, does not rule out the possible contribution of other ionic conductances (in particular K + conductances).
One of the main findings of the present study is that both membrane depolarization and inward cur rent induced by hypoxia are dramatically enhanced by ouabain, an inhibitor of the ATP-dependent Na + -, K + -pump. Ouabain, at the concentration used in the present study, did not alter by itself the intrinsic membrane properties of the recorded cells. This observation supports the idea of a critical role of the A TP-dependent N a + -, K + -pump in the main tenance of the electrochemical gradient and the membrane potential, particularly when the cell is exposed to hypoxia. When intracellular ATP is markedly decreased, Na+ -, K+-ATPase is inhib ited, thus contributing to disruption of ionic homeo stasis across the neuronal membrane and loss of neuronal function (Hansen, 1985) .
A number of additional physiopathological fac tors should be considered that may contribute to the vulnerability of striatal neurons to hypoxia. These factors include nitric oxide release (Dawson et al. , 1992; Nishikawa et at.' , 1994) , catecholamines (Glo bus et at., 1988; Buisson et at. , 1992) , and free rad ical-related mechanisms (Choi, 1990) .
